Controlling microbubble dynamics to produce desirable biomedical outcomes when and where necessary and avoid deleterious effects requires advanced knowledge, which can be achieved only through a combination of experimental and numerical/ analytical techniques. The present communication presents a multi-physics approach to study the dynamics combining viscousinviscid effects, liquid and structure dynamics, and multi bubble interaction. While complex numerical tools are developed and used, the study aims at identifying the key parameters influencing the dynamics, which need to be included in simpler models.
Introduction
Microscopic bubbles are ubiquitous in nature and could interact significantly with their environment once excited. Extensive studies have elucidated these effects in diverse fields of application, e.g., ocean acoustics [1] , hydrodynamics [2] , sound and erosion structure protection [3, 4] , environmental technologies [5] , and medical and biological applications [6, 7] . In biological media, either naturally suspended microbubbles or man-made introduced contrast agents, can be activated through ultrasound application or as a result of significant changes in the ambient pressure due to high accelerations (astronauts, jetfighter pilots) or to rapid changes in the depth of submergence (divers, submariners). Application of ultrasound is now a common practice in medicine for both diagnostic and therapeutic use. Main applications include: sonography, Shock Wave Lithotripsy (SWL), tissue ablation, ultrasound mediated drug delivery, wound healing and tissue regeneration. High Intensity Focused Ultrasound (HIFU) is very successful in the treatment of tumors. However, numerous studies have also established that the cavitation activity could result in deleterious bio-effects such as hemolysis and hemorrhage [8] [9] [10] [11] [12] [13] [14] resulting from ultrasound-based medical treatments such as SWL or HIFU. SWL can produce acute renal injury, such as hematuria, kidney enlargement, and renal and perirenal hemorrhage and hematomas. SWL-induced injury in the kidney involves primarily vascular lesions, which extend throughout the thickness of the kidney [15] . This vascular injury is characterized by extensive damage of the endothelial cells and rupture of blood vessels, with capillary and small blood vessels being much more susceptible to SWL injury than large vessels [16] . Although experimental studies [17] [18] [19] were able to show that cavitation bubbles are primarily responsible for the damage, the actual mechanism is still not well understood due to the difficulty in conducting experimental observations. Therefore, there is a need to complement difficult experimental observations with advanced computational tools.
Characterization and understanding of the fragmentation mechanism of a contrast agent is pivotal to its use for drug delivery. The ultrasonic fragmentation threshold depends on the initial size, shell thickness, and shell and gas properties [20, 21] . Using a high intensity source and a large number of cycles may be applicable to all types and sizes of contrast agent, but cannot be applied safely in a clinical environment. Understanding of the forces involved in the breakup of a particular type of agent is therefore paramount to avoiding expensive and lengthy trial and error experiments, and to minimizing risk to patients. Presently, however, the dynamic mechanisms involved in shell breakup are not well understood. These mechanisms become even more complicated when the contrast agent "bubble" has a thick shell and interacts with other agents and/or nearby tissues.
Experimental observations [18, 19, [22] [23] [24] [25] have shown that the SWL-induced cavitation bubbles behave very differently in vivo than in vitro. Because of confinement, cavitation bubbles produced in vivo have their expansion significantly constrained and asymmetric and subsequent bubble collapse can be substantially weakened. These observations suggest that to accurately predict numerically cellular and tissue dynamics and potential damage due to cavitation bubbles, a full 3-D Fluid/Structure Interaction (FSI) approach is necessary. In addition, tissue surfaces are soft and deformable under stress, and the instantaneous variations in the tissue surface actually impose time dependent boundary conditions which modify the flow field and the bubble dynamics strongly influencing the resulting pressure loading from the bubble dynamics. Importance of including FSI simulation on bubble jetting has been reported by Gracewski et al. [26] , which used our axisymmetric bubble dynamics code, 2DYNAFS© [27, 28] and coupled it with a simple tube deformation model by Miao et al. [29] . In addition to fluid structure interactions, interaction among many bubbles is known to play an important role [30] [31] [32] . By studying interaction of laser-generated tandem microbubbles with rat mammary carcinoma cells, Sankin et al. [33] showed that a single bubble did not form a reentrant jet toward the nearby cell and thus no membrane poration was observed. However, by introducing a second bubble with appropriate delay time and location, the first bubble was driven to form a reentrant jet toward the cell, which resulted in a localized and directional membrane poration. This parallels our studies of bubble dynamics where flexible boundaries delay or even reverse reentrant jet formation, while presence of other nearby bubbles could provide an even stronger attractive/repulsive effect to direct the jet toward the boundary [30] [31] [32] . In this contribution we present first models to describe the dynamic behavior of 3-D encapsulated bubbles with a highly viscous thick shell. We then consider microbubble interaction with nearby responding and deforming bio-materials boundaries.
THICK shell encapsulated microbubbles
The capability of delivering drug to a targeted area makes therapeutic ultrasound contrast agents attractive to chemotherapy drug development since many chemotherapy drugs are toxic to normal tissues. One such application is to suspend the drug within a highly viscous thick liquid shell encapsulating the bubble [34] . The high viscosity stabilizes the microbubble and keeps it inert until it reaches its specific target. It is then excited with an appropriate acoustic amplitude and frequency to get it to break up and release the drugs. The correct selection of the shell properties and thickness and the appropriate ultrasound characteristics renders the contrast agents powerful targeted drug delivery vehicles. Understanding breakup mechanisms is essential to control delivery.
It is known that a collapsing bubble near a boundary forms a re-entrant jet with a direction dependant on the nature of the boundary and an intensity dependant on the standoff distance [35, 36] . A similar nonspherical behavior is expected with encapsulated bubbles and is the subject of the present study.
Many studies have been dedicated to developing numerical models for ultrasound contrast agents. They are most often limited to spherical models and follow Church's approach [37] . Using a thin-shell assumption, the constitutive equation of the shell is simplified and incorporated into a generalized Rayleigh-Plesset. The resulting model has been adapted to study encapsulated microbubble dynamics with known shell properties [38] [39] [40] [41] . The assumption of a thin solid shell is reasonable for contrast agents designed for imaging purpose, with a very thin lipid or protein shell on the order of a few nanometers. To study the dynamics and shell breakup of a thick liquid shelled contrast agent Allen et al. [42, 43] extended the spherical model to include a thick liquid shell. 
3-D model domain decomposition
To investigate the dynamic mechanisms which cause encapsulated bubble shell nonspherical breakup, we have developed a 3-D finite-thickness shell model which couples a Navier-Stokes solver, 3DYNAFS-VIS © , which uses a finite volume scheme and a potential flow solver, 3DYNAFS-BEM , which uses a Boundary Element Method (BEM) [44] . The code enables modeling of inter bubble and boundary interactions. The computational domain is subdivided into inner domains constituted of each microbubble thick viscous shell layer and an outer domain composed of the liquid hosting the shelled microbubbles (see Fig.1 ).
